Iodotriazole and triazole anion recognition groups have been integrated into a picket-fence zinc(II)-metalloporphyrin scaffold to produce receptors for anion recognition and sensing applications.
Introduction
Anions are fundamentally important in many biological processes and medical diseases. Moreover, nitrates and phosphates are well-known for their detrimental impact in the aquatic environment. Consequently, the need to selectively complex and detect specific negatively charged species is acute and the field of anion supramolecular chemistry has expanded enormously in recent decades. 1 Through the imaginative manipulation of a variety of complementary non-covalent interactions such as electrostatics, hydrogen bonding, Lewis acid-base and anion-π interactions, a plethora of efficient anion receptors have been developed. Constructing receptors which possess anion recognition strengths comparable to that of natural systems, however, is a goal yet to be attained. Halogen bonding (XB), the attractive and highly directional intermolecular interaction between electron-deficient halogen atoms and Lewis bases, 2 is beginning to show real promise in solution phase applications such as catalysis, medicinal chemistry and molecular recognition processes. 3 Given XB's complementary analogy to ubiquitous hydrogen bonding (HB), it is surprising that there are so few examples of efficient XB anion receptors reported to date. 4, 5 The porphyrin macrocycle is endowed with inherent optical and redox properties that can be exploited for signalling anion recognition via a measurable physical response. 6 Indeed, we 7 and others 8 have reported several porphyrin-based host systems with a variety of integrated hydrogen-bond-donating anion recognition groups, which are able to sense anions through spectroscopic and electrochemical means. To the best of our knowledge, however, porphyrin molecules with pendant XB-donor groups for anion recognition applications are unprecedented. Herein, we describe the synthesis of a XB iodotriazole picket-fence porphyrin receptor which is demonstrated to exhibit superior halide anion binding affinities compared with a protic triazole-functionalised analogue.
Results and discussion

Syntheses
The target iodotriazole-and triazole-containing zinc(II)-metalloporphyrin receptors 5 and 6 were prepared using a copper(I)-catalysed azide-alkyne cycloaddition (CuAAC) reaction 9 between a tetra-meso-substituted azide-functionalised zinc(II)-metalloporphyrin and a suitable alkyne species. The required tetra-azide zinc(II)-metalloporphyrin species 3 was prepared as outlined in Scheme 1. H 2 TAPP was prepared by known literature procedures 10 and the proportion of the desired α,α,α,α-isomer was increased using the Lindsey method 11 to give α,α,α,α-H 2 TAPP which was used immediately in the next step. α,α,α,α-Tetrakis(2-(chloroacetamidophenyl)porphyrin was synthesised according to the procedure reported by Collman et al. 12 The condensation of α,α,α,α-H 2 TAPP with five equivalents of chloroacetyl chloride in the presence of base gave porphyrin 1 in 72% isolated yield. A nucleophilic substitution reaction between compound 1 and sodium azide in dimethyl sulfoxide afforded the tetra-azide porphyrin 2 in 61% yield. Metallation with zinc, to give 3 was achieved by stirring porphyrin 2 with a ten-fold excess of zinc(II) acetate dihydrate in dichloromethane-methanol (9 : 1, v/v) .
The target iodotriazole-containing zinc(II)-metalloporphyrin 5 was prepared in 46% yield by a copper(I)-catalysed cycloaddition reaction between porphyrin 3 and 4.5 eq. of iodoalkyne 4 ( prepared from 4-tert-butylphenylacetylene and N-iodosuccinimide) 13 in the presence of copper(I) iodide and triethylamine in anhydrous THF (Scheme 2). An analogous reaction between tetra-azide porphyrin 3 and 4.5 eq. of 4-tert-butylphenylacetylene, tetrakis(acetonitrile)-copper(I) hexafluorophosphate as the copper(I) catalyst, TBTA and N,N′-diisopropylethylamine in anhydrous dichloromethane afforded tetrakis-triazole zinc(II)-porphyrin anion receptor 6 in 80% isolated yield (Scheme 2).
Both receptors were characterised by 1 H NMR spectroscopy, high-resolution electrospray mass spectrometry, and 13 C NMR spectroscopy and UV/visible spectroscopy (see Experimental section and ESI †).
X-ray crystallography
Crystals of iodotriazole-porphyrin 5 of suitable quality for single crystal X-ray structural determination were grown by slow diffusion of diethyl ether into a tetrahydrofuran solution.
The structure (Fig. 1, top) reveals a picket-fence porphyrin molecule with all amide and iodotriazole anion recognition motifs on the same side with respect to the porphyrin motif.
Scheme 2 Synthesis of iodotriazole-and triazole-functionalised porphyrins 5 and 6. 
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Intermolecular XB interactions are present between an iodotriazole iodine atom of the receptor and a symmetry-related amide carbonyl group of the adjacent molecule ( Fig. 1 (Fig. 2 ). Upon addition of one equivalent of chloride, downfield shifts of meso-phenyl proton e, methylene proton g, and phenyl proton h, and relatively smaller perturbation of the amide proton f were observed, which indicate the chloride anion is binding within the pocket formed by the four arms of the picket-fence architecture in the vicinity of the iodotriazole groups by four C-I⋯chloride halogen bonds (Fig. 2 ). An analogous 1 H NMR spectroscopic titration experiment with HB triazole receptor 6 revealed the addition of chloride induced downfield shifts in the receptor's triazole h, methylene g and phenyl i protons together with relatively smaller perturbations of the amide proton signal f, which suggests the halide anion is being bound in the vicinity of the triazole groups through C-H⋯anion hydrogen bonds. The absence of a triazole proton in iodotriazole zinc(II)-metalloporphyrin 5, and relatively modest anion-bindinginduced shifts of other protons prevented quantitative assessment of the anion binding properties of XB receptor 5 from being undertaken using 1 H NMR spectroscopy. Anion association constant data was determined, however, with HB receptor 6 by monitoring the chemical shift of triazole proton h with increasing concentration of anion ( Fig. 3 ).
The observed chemical shift perturbations of the triazole proton h with ten equivalents of anion (Table 1) reveal dihydrogen phosphate causes the largest magnitude of perturbation and the shifts are in general larger for oxoanions than less basic halides. Moreover, no evidence of complex formation was observed with hexafluorophosphate, an anion which typically associates weakly with traditional anion receptors and which is often used as a non-competitive counteranion with positively charged receptors. Monitoring the shift of the porphyrin's triazole proton h as a function of the concentration of anion gave the titration curves reported in Fig. 4 . WinEQNMR 14 analysis of this titration data gave the 1 : 1 stoichiometric association constants for anion complexation shown in Table 1 . Triazole-zinc(II)-metalloporphyrin host 6 forms the most stable complex with acetate, followed by chloride > bromide > iodide. This anion selectivity trend in general correlates with anion basicity. Hexafluorophosphate binding was extremely weak as anticipated. Addition of dihydrogen phosphate caused changes in the chemical shifts which could not be accurately monitored on account of overlapping signals, so quantitative data for this anion could not be obtained.
UV/visible spectroscopic titration experiments were undertaken to investigate the potential optical sensing capabilities of both receptors and to allow quantitative anion binding data for the iodotriazole-functionalised receptor 5 to be determined.
Anion titration experiments induced significant perturbations of the receptors' absorbance spectra. In a typical titration experiment (Fig. 5) , bathochromic shifts in the Soret band are observed upon addition of anions, which arises from axial ligation to the Lewis acidic zinc metal centre. 6 An isosbestic point is observed with increasing anion concentration which corresponds to a 1 : 1 receptor : anion binding stoichiometry. Association constants for 1 : 1 stoichiometric complexes were determined using the Specfit® computer program 15 to analyse the titration data, and are reported in Table 2 . Sulfate is bound strongly by both XB and HB porphyrin receptors, no doubt as a consequence of its higher charge. Of the singly charged anions, a general preference for oxoanions over halides is observed, with both receptors displaying relatively low binding affinities for larger, more diffuse bromide and iodide. It is interesting to note that there is almost an 
order of magnitude preference for dihydrogen phosphate over acetate, despite acetate being the more basic anion, which suggests the receptors prefer to bind anions of tetrahedral rather than trigonal geometry. There are some significant differences between the anion binding affinities of the XB and HB receptors. It is noteworthy that the halogen-bonding iodotriazole host 5 has a greater affinity for chloride and bromide-with the strength of bromide association almost double in magnitude that of the protic species (K a = 1132 M −1 versus 685 M −1 ). There is also a reduction in the acetate binding strength with the XB receptor. Enhanced halide anion recognition together with reduced oxoanion binding affinity is consistent with anion binding trends noted with other XB anion receptors. 5 
Effect of solvent on anion recognition
The anion binding behaviour of XB receptors in different solvents has not as yet been widely studied. The anion binding properties of XB and HB porphyrin-based receptors 5 and 6, in addition to chloroform, were determined in acetone and acetonitrile to give an insight into solvent effects on anion binding in general, and halogen versus hydrogen bonding in particular. UV/visible spectroscopic titrations were undertaken monitoring the Soret band with increasing anion concentration, producing titration curves (see ESI †) from which Specfit® analysis determined quantitative data shown in Table 3 .
As expected there are significant differences in the magnitude of the association constant values obtained in the three solvents. It is important to note, however, that the selectivity trends in anion binding strength remain the same in all cases, where in general, oxoanions are bound more strongly than halides, with sulfate and dihydrogen phosphate displaying the largest association constant values, presumably on account of their tetrahedral shape.
Anion binding strength is maximised by receptors 5 and 6 in acetone, followed by acetonitrile and chloroform. This anion binding behaviour does not correlate with bulk solvent properties such as relative permittivity (ε) or dipole moment (μ). There is however, a correlation between Gutmann's acceptor number (AN) of the solvent, 16 which gives a measure of the hydrogen-bond-donor ability of a solvent.
As the hydrogen-bond-donor strength of the solvent increases (larger AN), anion binding affinity of the respective receptor decreases: competing anion-solvent interactions are strongest in chloroform, and weakest in acetone. 17 One final observation to note is the magnitude of enhancement of chloride and bromide halide anion recognition that occurs upon changing the solvent from chloroform to acetonitrile is more pronounced with the halogen-bonding receptor 5 than the hydrogen-bonding receptor 6. Indeed chloride anion binding affinity increases 75-fold with XB porphyrin 5 but only 13-fold for HB receptor 6. Future, in-depth thermodynamic investigations will be required to help rationalise these observations, through the determination of entropic and enthalpic contributions of XB anion recognition in a range of solvent media.
Conclusions
The anion binding properties of a XB iodotriazole-and HB triazole-functionalised zinc(II)-metalloporphyrin receptors have been investigated using 1 H NMR and UV/visible techniques.
Both receptors exhibit strong anion binding affinities forming 1 : 1 stoichiometric complexes with a range of halide and oxoanions in chloroform, acetone and acetonitrile solution. It is noteworthy that the XB porphyrin-based anion receptor 5 displays enhanced halide anion recognition and reduced acetate oxoanion binding affinities in comparison with the protic-triazole-functionalised analogue 6. The effect of solvent variation on anion binding efficacy reveals the strength of anion recognition correlates with the hydrogen-bond-donor ability of the solvent as measured by the Gutmann acceptor number: the superior halide anion binding affinities of the XB receptor is more pronounced in acetonitrile (AN = 18.9) than chloroform (AN = 23.1). 
Experimental
General remarks
Unless otherwise stated, commercially available solvents (HPLC grade) and reagents were used without further purification. Triethylamine was distilled from KOH and stored over 3 Å molecular sieves. Pyrrole was distilled over CaH 2 , under reduced pressure and stored at −25°C under N 2 . TBA 2 ·SO 4 was azeotroped with toluene and stored in a dessicator containing P 2 O 5 . TBA salts of Cl − , Br − , I − , AcO − , H 2 PO 4 − were stored in a dessicator. Water was deionised and micro-filtered using a Milli-Q® Millipore machine. Where anhydrous solvents were used, they were degassed with N 2 , and dried by passing through an MBraun MSPS-800 column. 1 H, 13 C, 19 F, 31 P NMR spectra were recorded on a Varian
Mercury-VX 300, a Varian Unity Plus 500 or a Bruker AVII500 with cryoprobe at 293 K. Mass spectra were obtained using a micromass LCT (ESMS) instrument. Electronic absorption spectra were recorded on a PG instruments T60U spectrometer.
Column chromatography was performed on silica gel ( particle size: 40-63 μm), preparative TLC was performed on 20 × 20 cm plates, with a silica layer of thickness 1 mm. Single crystal X-ray diffraction data were collected at 150(2) K using graphite monochromated Cu Kα radiation (λ = 1.54184 Å). Cell parameters and intensity data (including interframe scaling) were processed using CrysAlis Pro. 18 The structures were solved by charge-flipping methods using SUPER-FLIP 19 and refined using full-matrix least-squares on F 2 within the CRYSTALS suite. 20 All non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms were generally visible in the difference matter, and their positions and displacement parameters were refined using restraints prior to their inclusion in the model using riding constraints. 21 α,α,α,α-Tetrakis(2-chloroacetamidophenyl)porphyrin 1. H 2 TAPP (603 mg, 0.90 mmol) and Et 3 N (0.75 mL, 5.37 mmol) were dissolved in anhydrous THF and cooled to 0°C in an ice bath to which a solution of chloroacetyl chloride (0.36 mL, 4.47 mmol) in anhydrous THF was added dropwise. The reaction mixture was stirred under N 2 for 3 h and the solvent was then removed in vacuo. requires 1003.2). α,α,α,α-Tetrakis(2-azidoacetamidophenyl)porphyrin 2. Compound 1 (500 mg, 0.51 mmol) was dissolved in a 0.5 M solution of NaN 3 in DMSO (10 mL) and the solution was stirred for 16 h. The reaction was cooled in an ice bath to 0°C and quenched with H 2 O (45 mL). The aqueous layer was extracted with CHCl 3 (3 × 50 mL). The combined organic extracts were washed with H 2 O (2 × 100 mL) and sat. NaCl (aq) (1 × 100 mL) 6, 137.4, 134.9, 131.4, 130.0, 123.8, 121.1, 114.6, 52.5, 40.9 1, 150.6, 137.5, 134.5, 132.4, 132.4, 132.2, 129.7, 123.6, 120.5, 115 1-(Iodoethynyl)-4-(tert-butyl)benzene 4. 1-tert-Butyl-4-ethynyl benzene (1.00 mL, 878 mg 5.55 mmol) was dissolved in acetone (15 mL) , N-iodosuccinimide (2.50 g, 11.1 mmol) was added followed by AgNO 3 (123 mg, cat.) and the reaction mixture stirred under N 2 at rt in the dark for 2 h. The resulting yellow suspension was filtered through a plug of silica which was subsequently washed with hexanes (5 × 50 mL). The pale pink filtrate was collected and the solvent removed in vacuo to give compound 4 as a yellow solid (0.67 g, 2.34 mmol, 42% Tetra-iodotriazole-zinc(II)porphyrin 5. CuI (107 mg, 0.56 mmol) and Et 3 N (1.56 mL, 11.2 mmol) were added to anhydrous THF (20 mL) and stirred under N 2 at rt for 20 min. Compound 3 (120 mg, 0.14 mmol) and compound 4 (153 mg, 0.63 mmol) were dissolved in anhydrous THF (20 mL) and added to the first solution. The reaction mixture was stirred under N 2 at rt in the dark for 3 days after which time it was quenched with 10% NH 4 OH (aq) solution and the THF was removed in vacuo. H 2 O (100 mL) was added, the aqueous layer extracted with CH 2 Cl 2 (3 × 100 mL) and the combined organics dried over anhydrous MgSO 4 , filtered, and the solvent removed in vacuo. The crude residue was purified by column chromatography (SiO 2 , 95 : 5 CH 2 Cl 2 -acetone) to give compound 5 as a purple solid (228 mg, 0.103 mmol, 46%). λ max (CHCl 3 )/nm: 429
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